Abstract: Velocity and concentration fields are measured in submerged round jets in a stagnant environment and in coflow using laser-Doppler anemometry and laser-induced
Introduction
Mixing and dilution capabilities of a submerged round jet are important in many engineering and hydraulic applications involving discharge of jet effluent into an ambient fluid. Extensive measurement data of mean velocity and statistical turbulence properties have been reported in the literature (e.g., Rajaratnam 1976 , Fischer et al. 1979 , Wood et al. 1993 , for review). The decay rate of mean jet centerline velocity and the growth rate of jet width are usually analyzed to indicate the efficiency of jet spreading and mixing. Changes of these jet properties occur in the zone of established flow (ZEF) where self-similarity is being achieved for many flow quantities, in particular the radial velocity profiles.
Relatively fewer measurements have been made on the zone of flow establishment (ZFE), also known as the potential core, of the jet.
In addition to flow velocities, measurement of concentration field of jet effluent is equally important in determining the spreading and dilution of a jet. Early experimental studies employed probe-based single point measurements by change in conductivity, temperature or light absorption by dye. The amount of data was far less extensive than velocity data and limited mostly to discharge of buoyant jet effluent. Introduction of laserinduced fluorescence (LIF) technique has resulted in increasing numbers of jet experiments with concentration measurements and data (e.g., Papantoniou and List 1989, Davidson and Pun 1999) . It is found that along the jet centerline, the mean concentration starts to drop earlier than flow velocity and that the concentration jet width is larger and grows faster than the velocity jet width.
Initial jet exit conditions and jet Reynolds number have been found to affect development of a round jet (Xu and Antonia 2002, Kwon and Seo 2005) . At low Reynolds numbers (Re), roughly lower than 1,000, the jet is laminar and Kwon and Seo (2005) found a number of flow behaviors different from a turbulent jet at high Re. For instance, the ZFE has a length longer than the turbulent jet value of 6.2 jet exit diameters and the rate of drop of centerline velocity does not follow that -1/x relationship as a turbulent jet (x being the downstream distance from the jet exit).
3
Spreading and mixing of a round jet is affected by the presence of a main flow in the ambient fluid. Among all possible relative directions of jet exit to the moving ambient, the coflow and crossflow situations have been studied most. A coflowing jet is found to have two asymptotic regions; a strong jet region near to the jet exit and a downstream weak jet region where magnitudes of local velocities in the jet become comparable to the ambient flow velocity Bilger 1973, Davidson and Wang 2002) .
This paper reports results of our experiments on a number of round jets at different
Reynolds numbers in stagnant ambient and in coflow of different ambient flow velocities.
Non-intrusive laser-based measurement techniques are adopted: laser Doppler anemometry (LDA) for velocity measurement and LIF for concentration measurement. The main purpose is to provide spreading and mixing data of in ZFE of simple jets (that is jet in a stagnant environment) and jets in coflow under a wide range of Re and coflow strengths.
Our emphasis is on relative low Re in the order of thousands. Past experimental works were mostly related to industrial applications and were performed at high Re above 10,000.
However, low Re jets are relevant to a wide range of flows in environmental and biological applications and have received more frequent attention in recent years (Zarruk and Cowen 2008) . We attempt to test the similarity behavior of the jet at the different ranges of Re and coflow strengths. Our measurements are made in the initial region of the jet within an axial distance of 20 to 40 jet exit diameters. This initial near-field region and the ZFE have received less attention in previous studies and few measurement data are available on the transition to self-similarity which occurs here.
Experimental Setup
The experiments were carried out in Croucher Laboratory of Environmental Hydraulics at The University of Hong Kong. The main flow apparatus was a laboratory flume with a 10 m long and 0.3 m wide flow section. To produce a coflow, horizontal flow of speed U o up to about 0.2 m/s was maintained in the flow section by recirculating water.
Variations and fluctuations of flow speeds in the flume had been measured with LDA. The variation of axial flow velocities within the central part of the flow section was less than 3% while the turbulence intensity at mid-depth was about 5%. In the simple jet 4 experiments, water was kept stagnant in the flume by installing gates at two ends of the flume. Water depth was kept at about 0.35 m in all experiments. A submerged round jet was formed by discharging water into the flume from a circular nozzle fed from a constant overhead tank. The nozzle had an exit diameter D = 3 mm and was placed at mid-depth of the flume. To ensure clean initial exit conditions, the nozzle was preceding by a 4:1 contraction section and there was a parallel flow section of length 2D before jet exit. The jet exit velocity U j was set with a flow valve at value between 0.3 m/s and 1.5 m/s.
The mean jet flow field was axisymmetric. Axial and radial flow velocities were measured with a two-component fiber-optic LDA along the jet centerline and at a number of jet sections. Measurements along jet centerline covered a distance from 0 to 40D with resolution ranging between 0.5D and 1.5D. Measurements across jet sections were made within radial distances from -4D to 4D and spatial resolution ranged between 0.3D and 0.5D. At each measurement point, velocities were measured for 1 min. to obtain the mean velocities and statistical turbulence quantities such as turbulence intensities and Reynolds stresses.
In LIF measurements, fluorescent dye Rhodamine 6G was added to jet effluent in the overhead tank at a constant concentration. The laser beam from a 4-watt Argon-ion laser was turned into a laser sheet with a triangular lens. The laser sheet cut through the central vertical plane of the jet. A high-speed CCD-camera of resolution 1028 pixel  672 pixel recorded LIF images at 50 images/s. For each test flow condition, 500 LIF images were recorded. The initial time scale of the jet was estimated by D/U j to be of the order of ms and as the jet spread downstream, the time scale would become longer. The sampling period of 10 s was considered sufficiently long to capture the mean jet behaviors.
Calibration of the LIF system had been carried out with known concentrations of Rhodamine 6G from 0.005 to 0.065 mg/L. Thereafter, concentration field of fluorescence dye in the jet flow could be determined from the gray values in the LIF images.
Some LIF experiments on jet in coflow were carried out in a water basin with the equivalent situation of towing the jet nozzle in otherwise stagnant water (Davidson and Wang 2002) . In the present study, the towed jet experiments were carried out in a basin of length 12 m and width 5 m. It was filled with water to about 0.8 m and the jet nozzle was 5 towed with a computer-controlled table along the length of basin. Flow images were taken with the CCD camera which was towed together with the jet nozzle.
Experimental Conditions
The different flow conditions tested are listed in Table 1 for LDA and Table 2 for LIF measurements. The main flow parameters being varied were the jet Reynolds number Re = U j D/, and the relative strength of coflow as measured by the coflow-to-jet velocity ratio, R = U o /U j . Reynolds numbers of jets covered a range between Re = 1,000 and 5,000 roughly. Although it is commonly accepted that most jet flows will be turbulent if Re exceeds 2,000, the value of Re at which a laminar jet becomes turbulent depends on many factors including initial jet conditions and the transition is gradual. As shown in Tables 1   and 2 , we have classified our jets into three groups: laminar jets at Re  1,000, transitional jets at Re  1,600 to 1,700 (and one jet at Re = 2,500), and turbulent jets at Re  3,300 to 3,500 (and two higher Re jets at Re  5,000). For jets in coflow, the coflow-to-jet velocity ratio (velocity ratio for short) ranged from R = 0.008 to 0.430. Fig. 1 shows the mean velocity profiles near the jet exit of a turbulent jet at Re = 3,405 and a transitional jet at Re = 1,744. The exit velocity profile of the turbulent jet departs from the perfect top-hat distribution due to the boundary layer effect after the small contraction ratio and a parallel section in the jet nozzle. However, it is evident that the transitional jet has a distinctly different exit velocity profile which is closer to the parabolic distribution. The laminar jet at Re = 1,027 possesses velocity profiles very similar to those of the transitional jet in Fig. 1(b) and the data are not shown for brevity.
Results and Discussion

Centerline Flow Quantities in Simple Jet
For a turbulent round jet, it is commonly accepted that the centerline velocity decays with -1/x in the self-preserving ZEF as:
where x 0 is distance of virtual origin of the jet from jet exit. Length L of the ZFE or potential core is a multiple of jet exit diameter and this multiple C 1 is also described by some workers as the decay constant (Hussein et al. 1994 , Antoine et al. 2001 , Xu and Antonia 2002 . In hydraulic applications, length of ZFE in a simple jet is usually assumed at L = 6.2D. Investigations on air jets find a value of C 1 about 6.5 or higher for ideal jets with an initial top-hat velocity profile and a value of C 1 between 5.6  5.9 for jets with an initial parabolic velocity profile similar to one inside a pipe (Xu and Antonia 2002) . Not all past studies chose to use the virtual origin x 0 in the data fitting of U c (x), and when it is used, values ranging from 0 to 5D have been obtained (Antoine et al. 2001) . In a recent numerical study of jets in coflow, the virtual origin is argued to play a significant role in describing the self-similarity behavior of the jet (Uddin and Pollard 2007) .
For the test runs in Table 1 One evident observation is that in the laminar jets, the centerline velocity starts to drop from the jet exit value at the longest distance among the three groups of jets, that is, they have the longest ZFE lengths. The turbulent jets have much shorter ZFE lengths.
Our turbulent jets in Fig. 2(a) show the expected decay rate of U c  x 1 in the ZEF.
However, the lengths of ZFE are not quite consistent with those in the literature. For the two turbulent jets at Re  3,300 to 3,400, the ZFE length, as determined from the distance at which U c starts to decrease, is about L/D  5 to 6. The jet at a higher Re  5,000 shows an even shorter L. Kwon and Seo (2005) recently reported velocity data of simple round jets at similar values of Re and data of their two jets are included in Fig. 2(a) . Their data and our jet at Re  5,000 show that U c (x) starts to drops from U j as early as x  4D to 5D. A value of L/D = 5.5 is obtained from the fitting of all turbulent jet data. Fig. 2(b) shows the centerline velocity data for the group of jets classified as transitional jets. There are two jets at Re  1,700 and one jet at a higher Re  2,500. The decay of U c with x in ZEF is better described by the x 4/3 relationship than x 1 . The lengths of ZFE of these transitional 7 jets are clearly longer than those of the turbulent jets. The centerline velocity starts to drop at x/D  6 while the decay slope at -1.33/x gives a value of L/D = 7.0. Data of Kwon and Seo (2005) for a jet at Re = 2,163 are also included. Although their data lie clearly above our curve, they follow approximately our decay slope. Our last group of jets in Fig. 2(c) includes some laminar jets at Re  1,000. The centerline velocity starts to drop after a much longer ZFE at x  7D. Data of a jet in Kwon and Seo (2005) In many past studies, the development of centerline velocity was plotted in the form (rounded off to 0.5D) for the three groups of jets are listed in Table 3 . The turbulent jets have a very small virtual origin but for the U c (x) data of the transitional and laminar jets to follow the x 1 decay, a virtual origin at x 0 = 2.5D and 4.5D needs to be applied respectively. The curves of Eq. (1) with the values of C 1 and x 0 in Table 3 are plotted in 
Here, C c is the centerline concentration and C j is the scalar concentration at jet exit. We have plotted our data of C j /C c against x/D and thus determined the values of L T and x 0 .
These values are rounded off to 0.5D and listed in Table 3 for the three groups of jets. It is worth noting that the virtual origin for scalar concentration can have a different value from that for the centerline velocity. In Fig. 3 , we choose to multiply the normalized concentration level C c /C j by Re before plotting against x/D to show the effect of Re. It is evident that with the inclusion of the right value of x 0 , the centerline concentration can be described well by Eq. (2a). For the transitional and turbulent jets, the virtual origin has negative values, that is, located upstream of the jet exit. The existence of a negative virtual origin has been observed in some experiments and a plausible explanation was recently discussed in Uddin and Pollard (2007) . In the LIF experiments of Antoine et al. (2001) at Re = 10,500, the centerline concentration decay also gave rise to a negative virtual origin at
From Fig. 3 and Table 3 , the tracer ZFE is found to have the longest length in the laminar jets (L T = 9.5D) and the shortest in the turbulent jets (L T = 4.5D). For the 9 transitional jets, the length is L T /D = 5.5. Except for the laminar jets, the tracer ZFE lengths are shorter than the ZFE length of the velocity field by 1D to 1.5D. In terms of the rate of concentration decay with axial distance downstream of ZFE, the decay rate of the laminar jet is clearly faster than the other two groups of jets at higher Re. Alternatively, We also try to fit the x 1 decay to all groups of jet with the inclusion of virtual origins. The values of x 0 in Table 3 for the simple jets are used while the decay constant C 1 is adjusted to fit the data in Fig. 4 . As shown in the figure, the curves of x 1 provide a lower envelope to the data. For the transitional jets with x 0 = 2.5D, the values of C 1 become lowered from 4.5 to 3.0. For the laminar jets with x 0 = 4.5D, C 1 decreases from 4.5 to 2.5. When combined with the values of x 0 , the lengths of ZFE are 4.5D, 5.5D and 7.0D, respectively for the turbulent, transitional and laminar jets. These ZFE lengths are lower than those values for the simple jets by 1D to 2D (Table 3 ). The finding suggests that the ZFE of a jet ends earlier in a coflow than in stagnant ambient.
Centerline Flow Quantities of Jet in Coflow
For a jet in coflow, mixing is believed to be driven by flow velocities in the jet in excess of the ambient coflow velocity. Thus, a longer ZFE is commonly expected in a coflowing jet due to the smaller velocity shear in the presence of a coflow (Chu et al. 1999 ). Our present observation of shortening of ZFE in a coflow seems questionable.
However, direct numerical simulation of Babu and Mahesh (2004) found that the potential core of a simple jet closes earlier when there is a coflowing stream around the jet. They argued that the shorter ZFE length is due to inflow entrainment near the jet exit. For a subsonic air jet in coflow, Burattini et al. (2004) also reported a short length of L = 4D for the potential core. For a plane jet in a shallow coflow, Gaskin et al. (2004) suggested that background turbulence reduces dilution yet it was also pointed out that the effect of background turbulence on the near-field dilution is not straightforward. On the other hand, it is tempting to argue that turbulence intensity at about 5% in the ambient coflow generated in our flume may be responsible for an earlier erosion of jet potential core and thus leading to a shorter ZFE. A coflow of almost zero turbulence level can be simulated by towing a jet (Davidson and Wang 2002) but it is difficult to measure flow velocities in this situation. We have made LIF measurements on the towed jet situation with results to be presented in later sections. It will be shown that there are no significant differences in the global behavior of jet in coflow between our flume experiments and towed jet experiments. However, the effect of background turbulence on initial jet development remains to be unresolved.
Length scale analysis is often used to study jets and plumes in a moving environment (Woods et al. 1993) . For a jet in coflow, the governing length scale is the excess momentum length scale l m . It is defined as the ratio:
where
is the initial excess momentum of the jet at exit. Value of l m represents the distance at which advection effect of the coflow becomes important in the flow of jet effluent (Davidson and Wang 2002) . In the jet near field, effect of coflow is small and the jet behaves similarly to a jet in stagnant ambient with centerline velocity decaying as x 1 . At large distances from jet exit, where x >> l m , jet effluent is mostly advected by the coflow and the centerline velocity follows the x 2/3 decay (Fischer et al. 1979 ).
The drop of jet centerline velocity from the exit value to the ambient coflow value is usually studied using the centerline excess velocity, U ec (x) = U c (x)  U o . To collapse data of jets at different velocity ratios, Fig. 5 shows the normalized curves of excess velocity along jet centerline in the form of U ec /U o against (xx 0 )/l m . Our measurement region is 11 within (xx 0 )/l m < 10 and the coflowing jets are expected to behave like a strong jet (Davidson and Wang 2002) . However, different behaviors are found in our three groups of jets. For turbulent jets at Re  3,300 and velocity ratios R between 0.008 and 0.121, our data of U ec /U o in ZEF, within x/l m < 10, follow nicely the decay with x/l m to the power 1 (Fig. 5a ). For our initially transitional jets, the data of U ec /U o do not vary nicely with (x/l m ) 1 . However, when we include the effect of the virtual origin, the drop of U ec /U o with (xx 0 )/l m is found to better follow the 1 power law (Fig. 5b) . For the decay of centerline excess velocity in our initially laminar jets, the 1/x decay only applies to the jets at lower velocity ratios and within (xx 0 )/l m < 1, even after the inclusion of x 0 (Fig. 5c) . For jets at larger R and beyond (xx 0 )/l m  1 in all jets, the decay of U ec /U o with (xx 0 )/l m occurs at a much faster rate.
For jets in coflow, downstream development of centerline concentration can be expressed as the velocity-ratio-weighted centerline dilution, that is S c R/(1  R), where S c = C j /C c is the dilution at jet centerline (e.g., Chu et al. 1999) . Fig. 6 plots this normalized centerline dilution against x/l m for our three groups of jets in Table 2 . Previous studies have suggested a linear relationship between S c R/(1  R) and x/l m as:
Values between 0.16 and 0.18 have been found and suggested for the proportionality constant k (Chu et al. 1999, Davidson and Wang 2002) . In analyzing our concentration measurement, we find that inclusion of the virtual origin leads to a better collapse of data in the initial region of the jet. In Fig. 6(a 
Jet Widths and Radial Profiles of Velocity and Concentration
Velocity measurements have been made across many jet sections in a number of transitional and turbulent jets including simple jets and jets in coflow. Those test cases are marked with an asterisk in Table 1 . In ZEF of a simple jet, radial profiles of mean axial velocities U(x,r) have been found similar and can be described by the Gaussian distribution:
where r is the radial distance and b = b(x) is the (Gaussian momentum) jet width. For a jet in coflow, similarity of radial velocity profiles is expected on the excess velocity, that is U e (x,r) = U(x,r)  U o , after normalized by the maximum value, U ec (x) = U e (x, 0), on the jet centerline. The similarity is also described by the Gaussian distribution: Self-similarity to the Gaussian of these radial excess velocity profiles is not as good as that in the turbulent jets.
From the similarity profiles, Gaussian jet widths b at different jet sections are found as the radial location where U e /U ec = 1/e. These widths are momentum jet widths and they have used to normalize the radial coordinates in Fig. 7 . The axial development of these jet widths is shown in Fig. 8 for all three turbulent jets and five transitional jets in coflow.
Both jet widths and axial distances are normalized by the excess momentum length scale l m of individual jets. Data of all jets at different values of R are found to fall on a single curve of growth. A linear growth of jet width has been found in many studies on the simple jet and the average slope value from many data is k = 0.107 (Fischer et al. 1979) , that is:
Eq. (6) is included in Fig. 8 and it provides an upper bound to our data at x/l m < 1. A linear growth of jet width is also found on our two simple jets, data of which are not shown for brevity. In Fig. 8 , we have not included the virtual origin x 0 in the abscissa. When the values of x 0 in Table 3 , which have been obtained from the centerline velocity decay of the simple jet, are used, the jet width data of the transitional jets would be shifted away from the observed trend in Fig. 8 . It is noted that in the literature where the virtual origin is used in the growth of jet widths, two forms of relationship, b  (xx 0 ) and b  (x+x 0 ), have been suggested (Kwon and Seo 2005, Quinn 2006) . It is also unclear whether the same value of x 0 should be applied to the centerline velocity decay and the growth of jet width. Here, we choose not to apply any value of x 0 for the axial development of these momentum jet widths as well as for the concentration jet widths to be presented later. Radial profiles of mean concentration have been extracted from the mean LIF images of our simple jets and jets in coflow. It is found that the radial concentration profiles across jet sections in the ZEF (not shown for brevity) are found reasonably self-similar to the Gaussian distribution:
Similar to LDA results, self-similarity to the Gaussian is the best for turbulent jets, good for transitional jets but not so good in laminar jets. Presence of a coflow, of varying strengths, does not seem to alter the self-similar behavior of radial concentration profiles.
Data of jets in coflow from two towed jet experiments are also available and they show no difference from those of the flume experiments.
The width b T is the concentration (tracer) jet width and many studies have suggested that it is proportional to the momentum width by a fixed ratio: b T = b (Fischer et al. 1979 , Chu et al. 1999 , Davidson and Wang 2002 . The generally accepted value of  for a simple round jet is between 1.1 and 1.4 and it has been suggested that the same ratio applies to jets in coflow. Near the jet exit and in ZFE of the jet, the jet potential core with jet exit velocity is being eroded away with the growth of the annular shear layer from the nozzle edge.
Turbulence is produced in the shear layer and a peak is produced there in the radial profiles of u'/U j . The effect of coflow strength R on the turbulence intensity inside ZFE is shown in Fig. 13 by plotting radial profiles of u'/U j at the jet section x/D = 3 for the groups of turbulent and transitional jets. It is evident in Fig. 13(a) that a coflow increases the turbulence intensity of a turbulent jet even inside ZFE. However, for a transitional jet, turbulence intensity inside ZFE is only slightly increased by presence of a coflow (Fig.   13b ). The turbulence intensities u'/U j of our transitional jets inside ZFE are obviously lower than those of the turbulent jets but Fig. 11 shows that in the downstream ZEF, the turbulence intensities u'/U ec of the transitional jets become higher than the turbulent jets. This may be due to the faster rate of drop of centerline jet excess velocity in the ZEF of transitional jets (Fig. 5) .
For the scalar field, the level of concentration fluctuations at a point in the jet is statistically measured by the standard deviation of concentration fluctuations, c', as defined by:
where C is the mean concentration at that point, C(t) is the instantaneous concentration at time t, and T is the measurement duration. Fig. 14 shows the radial profiles of concentration fluctuation levels inside the ZFE when a coflow at different R is present. The jet sections shown are inside the ZEF listed in Table 3 . Unlike the turbulence intensity data in Fig. 13 , presence of a coflow leads to obvious increases in c'/C j in the transitional and laminar jets but has little effects on the turbulent jets. Our turbulence properties inside ZFE presented in Figs. 13-14 show some interesting but inconclusive observations. The different observations on turbulent velocity and scalar properties inside the ZFE need further investigations.
On reaching the ZEF, the jet is approaching self-similarity. The normalized radial 
Conclusions
We have carried out velocity and concentration measurements on a number of submerged round jets in a stagnant environment and in coflow using LDA and LIF. The We believe that the results in this paper supplement the database of mean flow behaviors of simple jets and jets in coflow, especially in the initial region where selfsimilarity of flow behavior has not been fully established. The data shed some light on the effect of initial exit jet Reynolds number and coflow velocity ratio. transitional jets at Re  1,600 to 2,500; (c) laminar jets at Re  1,000 to 1,300. Data at R numbers in brackets from Kwon and Seo (2005) . Decay of centerline velocity in simple jets. (a) Turbulent jets at Re > 3,000; (b) transitional jets at Re ≈ 1,600 to 2,500; (c) laminar jets at Re ≈ 1,000 to 1,300. Data at Re numbers in brackets from Kwon and Seo (2005) . Growth of momentum jet width of jets in coflow. Open symbols: transitional jets; filled symbol: turbulent jets*. Growth of concentration width in simple jets. Legends denote Reynolds numbers of jets. 
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